Electronic Version 
Stylesheet Version vl.1.1 

Description 

HYBRID ELECTRIC VEHICLE POWERTRAIN 
WITH AN ALTERNATE OPERATING MODE 
WITHOUT A HIGH VOLTAGE SYSTEM 

Background of Invention 
[0001] 1. Field of the Invention 

[0002] jhe invention relates to a control system for controlling 
distribution of power from a battery and an engine in a 
powertrain for a hybrid electric vehicle. 

[0003] 2. Background Art 

[0004] A powertrain for a hybrid electric vehicle has two sources 
of power. One source typically includes an internal com- 
bustion engine. The second source of power includes a 
high voltage electric motor, usually an induction motor. 
One class of hybrid electric vehicle powertrains has paral- 
lel power flow paths. 

[0005] The first power source for a parallel hybrid electric power- 
train configuration comprises a combination of an engine, 



a motor, a generator, a high voltage battery and a plane- 
tary gearset for coordinating power distribution. The sec- 
ond power source comprises a combination of an electric 
drive system with a motor, a generator and a high voltage 
battery. The high voltage battery acts as an energy storing 
device for the generator and the motor. A low voltage bat- 
tery is used to power the vehicle accessories, a powertrain 
controller and engine spark. 

[0006] Engine output power for the first power source can be di- 
vided into two power flow paths by controlling the gener- 
ator speed. A mechanical first power flow path is estab- 
lished from the engine to the planetary gear gearset, and 
ultimately to a transmission power output shaft. A second 
power flow path is an electro-mechanical power flow path 
that distributes power from the engine to the generator to 
the motor, and hence to the power output shaft of the 
transmission. The generator in this instance can be used 
to distribute torque to the gearset. With this powertrain 
configuration, the generator, the motor and the gearset 
may operate as an electro-mechanical transmission with 
continuously variable ratio characteristics. 

[0007] By braking the generator with a selectively actuated brake, 
engine output power can be transmitted with a fixed gear 



ratio to the power output shaft of the transmission. 

[0008] The electric motor of the second power source, may draw 
power from the high voltage battery and provide driving 
torque independently of the engine during both forward 
and reverse drive modes. Further, the generator can draw 
power from the high voltage battery and drive the vehicle 
forward using a one-way reaction brake on an engine 
power output shaft. In this instance, when the generator 
drive mode is effective, the generator acts as a motor. 

[0009] The powertrain is under the control of a vehicle power- 
train control module or controller, which coordinates the 
two sources of power to optimize total powertrain effi- 
ciency and performance while satisfying the driver's de- 
mand for power. The vehicle control system determines 
when and what each functioning component and subsys- 
tem should be used to satisfy the driver's demand for 
power. The function of the battery-motor-generator sub- 
system is lost, however, if the battery experiences an 
open circuit condition while the vehicle is in motion. The 
divided power delivery hybrid vehicle powertrain then 
cannot operate and the vehicle system controller will 
command the vehicle to shut down. This is due to the fact 
that the controller then cannot control distribution of cur- 



rent between the motor and the generator because the 
high voltage battery, which no longer is in the circuit, 
cannot perform its usual function as a capacitor to regu- 
late bus voltage between the motor and the generator. 
The electrical connection between the generator and the 
motor then would be characterized by unstable, non- 
linear, voltage spikes. 
[0010] Vehicle shut down under this abnormal powertrain condi- 
tion is a result of the inability of the system to transmit 
power from the engine to the vehicle traction wheels 
through a mechanical power flow path, which requires ei- 
ther generator control or application of the generator 
brake. The generator cannot be controlled under this ab- 
normal condition, however, because the high voltage bat- 
tery is not in the circuit. Thus, the only way that power 
can be transmitted from the engine to the vehicle traction 
wheels through a mechanical torque flow path is to apply 
the generator brake. This results in a fixed gear ratio be- 
tween the engine speed and the vehicle speed, as ex- 
plained above, but it will cause the engine to stall when 
the engine speed falls below idle speed. 
Summary of Invention 

[0011] jhe invention makes it possible to integrate two power 



sources in a powertrain of the kind discussed above so 
tliat tliey worl< togetlier seamlessly during operation un- 
der normal conditions with a common gear system while 
avoiding control problems and engine stalling during op- 
eration under abnormal conditions when the battery-mo- 
tor-generator subsystem is not functioning. The invention 
will accomplish this while optimizing total powertrain effi- 
ciency and performance during operation under normal 
conditions as it coordinates the control of power from the 
two power sources. 

[0012] A powertrain controller performs the coordination func- 
tion in a divided power flow powertrain configuration. Un- 
der normal operating conditions, the powertrain controller 
interprets the driver's demand for power as a function of 
acceleration or deceleration. It then determines how much 
power each power source needs to provide to the trans- 
mission to meet the driver's power demand and to achieve 
specified vehicle performance (i.e., engine fuel economy, 
emission quality, driveabilty, etc.). The powertrain con- 
troller determines the optimum operating point of the en- 
gine torque and speed relationship. 

[0013] The generator, as previously explained, can be braked to 
establish a parallel mechanical torque flow path to the 



traction wheels with a fixed gear system ratio. 

[0014] Features of the invention are common to a hybrid vehicle 
powertrain disclosed in co-pending U.S. patent applica- 
tion Serial No. 10/248,886, filed February 27, 2003, 
which is owned by the assignee of this invention. The dis- 
closure of that co-pending application is incorporated 
herein by reference. 

[0015] The present invention overcomes the shortcomings de- 
scribed in the preceding discussion by allowing the pow- 
ertrain to satisfy the driver's power demand as much as 
possible if the high voltage battery is eliminated from the 
battery-motor-generator subsystem. It can function to ef- 
fect power delivery to the traction wheels even though the 
high voltage battery is effectively disconnected from the 
rest of the powertrain. In this way problems caused by 
lack of control of current between the motor and the gen- 
erator do not occur. 

[0016] The invention includes, furthermore, a solution to the 

problem of stalling the engine when the vehicle speed de- 
creases below a threshold value, such as idle speed, when 
the function of the high voltage subsystem is lost and the 
generator brake is applied. If the vehicle is stopped and 
the driver advances the accelerator to accelerate the vehi- 



cle to a certain vehicle speed, an accelerator signal com- 
mands torque at the wheels as the powertrain controller 
commands activation of a variable speed clutch between 
the planetary gear set and the engine. When the variable 
speed clutch is activated, slipping in the clutch will allow 
for a small amount of reaction torque that will cause a 
torque output element of the gearset to rotate. This al- 
lows a low vehicle speed while the engine is above its stall 
speed. 

[0017] As the vehicle speed thereafter increases, the amount of 
the reaction torque is increased because of the increasing 
clutch friction characteristic of the variable speed clutch. 
This continues until the vehicle traction wheel speed 
equals the engine speed corresponding to the transmis- 
sion ratio. At this point, the variable clutch is fully en- 
gaged and maximum reaction torque exists. Engine speed 
then can be increased to increase vehicle speed based on 
driver demand. 

[0018] A low voltage battery normally is used to power the con- 
troller, the engine spark and the vehicle accessories. If the 
high voltage battery is ineffective as a source of power, 
there will be a loss of low voltage battery charging. Under 
normal conditions, the high voltage of the high voltage 



battery is converted to low voltage by a DC/DC converter 
to effect charging of the low voltage battery. 
[0019] A loss of the high voltage system under abnormal condi- 
tions, as explained above, will prevent low voltage battery 
charging. Any continued use of the vehicle for an ex- 
tended time, therefore, will cause the low voltage battery 
to drain. If low voltage battery power is reduced substan- 
tially, the vehicle may stall. An alternator then may be 
used under these conditions with a selectively engageable 
alternator clutch to connect the alternator to the engine. 
This permits the driver to operate the vehicle after a loss 
of high voltage subsystem power. 
Brief Description of Drawings 

[0020] Figure 1 is a schematic representation of a power divided 
powertrain configuration embodying the invention; 

[0021] Figure 2 is a schematic representation in block diagram 
form of powertrain power flow; 

[0022] Figure 3 is a schematic block diagram representation of a 
hybrid electric vehicle powertrain with only the motor and 
a generator, together with a battery, acting as a power 
source; 

[0023] Figure 4 is a block diagram similar to Figure 3 wherein the 
engine is operating with a positive power division; 



[0024] Figure 5 is a block diagram similar to Figure 3 wherein the 
engine is on and the power flow has a negative power di- 
vision; 

[0025] Figure 6 is a block diagram similar to Figure 3 wherein the 
engine is on and the generator brake is on, thereby estab- 
lishing a parallel power flow mode; and 

[0026] Figure 7 is a flow chart that illustrates a sequence of op- 
erational steps in the strategy of an embodiment of the 
invention. 
Detailed Description 

[0027] In the description of the invention, reference will be made 
to "negative" and "positive" battery power requests. As- 
suming that the battery power request is for charging, 
that request refers to negative power. If the battery power 
request is for discharging, that request refers to positive 
power. 

[0028] The hybrid electric vehicle powertrain of the disclosed 

embodiment of the invention has a parallel-series config- 
uration, as shown in Figure 1. It includes a vehicle power- 
train control module or controller 10, a high voltage bat- 
tery 12 and a transmission 14, together with a motor- 
generator subsystem. An engine 16 (torque generator), 
controlled by controller 10, distributes torque through 



torque input shaft 18 to transmission 14. 
[0029] The transmission 14 includes, but is not limited to, a 

planetary gear unit 20, which comprises a ring gear 22, a 
sun gear 24, and a planetary carrier assembly 26. Ring 
gear 22 distributes torque to step ratio gears comprising 
meshing gear elements 28, 30, 32, 34 and 36. A torque 
output shaft 38 for the transmission is drivably connected 
to vehicle traction wheels 40 through a differential- 
and-axle mechanism 42. Front dirigible vehicle wheels are 
shown at 42. 

[0030] Gears 30, 32 and 34 are mounted on a countershaft, the 
gear 32 engaging a motor-driven gear 44. Electric motor 
46 drives gear 44, which acts as a torque input for the 
countershaft gearing. 

[0031] High voltage battery 12 delivers electric power to the mo- 
tor through power flow path 48. Generator 50 is con- 
nected electrically to the battery and to the motor in 
known fashion, as shown at 52. 

[0032] When the high voltage powertrain battery 12 is acting as a 
sole power source with the engine off, the torque input 
shaft 18 and the carrier assembly 16 are braked by an 
overrunning coupling 53. A mechanical generator brake 
55 anchors the rotor of generator 50 and the sun gear 24 



when the engine is on and the powertrain is in a parallel 
drive mode, the sun gear 24 acting as a reaction element. 
[0033] As mentioned previously, there are two power sources for 
the driveline. The first power source is a combination of 
the engine and the battery- motor-generator subsystem, 
which are connected together by the planetary gear unit 
20. The other power source involves only the electric drive 
system including a combination of the motor, the genera- 
tor and the high voltage battery, where the battery acts as 
an energy storage medium for the generator and the mo- 
tor. 

[0034] A switch 61, under the control of controller 10, selectively 
connects and disconnects the high voltage battery and 
motor 46. Signal flow path 69 connects the controller 10 
with switch 61, with the motor 46 and with the generator 
50. The controller 10 will sense that battery 12 is non- 
functional and will open switch 61 and shut down genera- 
tor 50 and motor 46. 

[0035] Generator brake 55 and a variable speed clutch assembly 
82 are electrically coupled to controller 10 as shown at 
85. The engine 16 is electrically coupled to controller 10 
as shown at 68. Variable speed clutch assemblies are well 
known in the powertrain art. 



[0036] An alternator 79 is mechanically coupled to engine 16 by 
clutch 71, as shown at 77. Clutch 71 is mechanically cou- 
pled to the engine, as shown at 18, and is electrically cou- 
pled to controller, 10 as shown at 73. 

[0037] A low voltage battery 75 is electrically coupled to alterna- 
tor 79, as shown at 81, and to controller 10, as shown at 
67. 

[0038] The controller 10 is electrically coupled to high voltage 
battery 12 and to gear unit 20, as shown at 90. 

[0039] Variable speed clutch assembly 82 establishes a mechani- 
cal coupling between sun gear 24 and generator 50. 

[0040] The power flow paths between the various elements of the 
power dividing powertrain shown in Figure 1 are illus- 
trated in Figure 2. Fuel is delivered to the engine 16 under 
the control of the operator in known fashion using an en- 
gine throttle. Engine power delivered to the planetary gear 

unit 20 is expressed as T o) , where T is engine torque 
e e e 

and (JO is engine speed. Power delivered from the plane- 

e 

tary ring gear to the countershaft gears is expressed as T 
uj^, which is the product of ring gear torque and ring gear 
speed. Power out from the transmission 14 is represented 
by the symbols and u)^, the torque of shaft 38 and the 
speed of shaft 38, respectively. 



[0041] The generator, when it is acting as a motor, can deliver 
power to the planetary gearing. Alternatively, it can be 
driven by the planetary gearing, as represented in Figure 2 
by the torque flow path 52. Similarly, power distribution 
between the motor and the countershaft gears can be dis- 
tributed in either direction, as shown by the torque flow 
path 54. Driving power from the battery or charging 
power to the battery is represented by the bi-directional 
arrow 48. Power flow between battery 12 and generator 
50 is represented by bi-directional arrow 52'. Power flow 
between battery 12 and motor 46 is represented by bi- 
directional arrow 54". 

[0042] As shown in Figure 2, engine output power can be divided 
into two paths by controlling the generator speed. The 
mechanical power flow path, T is from the engine to 
the carrier to the ring gear to the countershaft. The elec- 
trical power flow path is from the engine to the generator 
to the motor to the countershaft. The engine power thus 
is divided so that the engine speed is disassociated from 
the vehicle speed during a so-called positive split mode of 
operation. This condition is illustrated in Figure 5, where 
the engine 16 delivers power to the planetary gearing 20, 
which delivers power to the countershaft gears 30, 32 and 



34. These gears in turn drive the traction wheels 40. A 
portion of the planetary gearing power is distributed to 
the generator 50, which delivers charging power to the 
high voltage battery 12. The speed of the generator then 
is greater than zero or positive, and the generator torque 
is less than zero. The battery drives the motor 46, which 
distributes power to the countershaft. This arrangement is 
a positive power division. 

[0043] If the generator, due to the mechanical properties of the 
planetary gear unit, acts as a power input to the planetary 
gear unit to drive the vehicle, the operating mode can be 
referred to as a negative power division. This condition is 
shown in Figure 5, where the generator speed is negative 
and the generator torque also is negative. 

[0044] jhe generator in Figure 5 delivers power to the planetary 
gear unit 20 as the motor 46 acts as a generator and the 
high voltage battery 12 is charging. It is possible, how- 
ever, that under some conditions the motor may distribute 
power to the countershaft gearing if the resulting torque 
at the traction wheels 40 from the gearing does not sat- 
isfy the driver demand. Then the motor must make up the 
difference. 

[0045] If the generator brake 55 is activated, a parallel operating 



mode is established. This is shown in Figure 6, where the 
engine 16 is on and the generator is bral<ed. The high 
voltage battery 12 powers the motor 46, which powers the 
countershaft gearing simultaneously with delivery of 
power from the engine to the planetary gearing and then 
to the countershaft gearing. 
[0046] The first power source, as previously described, can de- 
liver torque only for forward propulsion because there is 
no reverse gear in the countershaft gearing. The engine 
requires either generator control or a generator brake to 
permit transfer of power to the wheels for forward mo- 
tion. 

[0047] The second source of power, as previously described, is 
the high voltage battery-motor-generator subsystem. 
This is illustrated in Figure 3. In this driving mode, the 
engine is braked by the overrunning coupling 53. The 
electric motor draws power from the high voltage battery 
and effects propulsion independently of the engine, with 
either forward or reverse motion. The generator may draw 
power from the high voltage battery and drive against the 
reaction of one-way coupling 53. The generator in this 
operating mode operates as a motor. 

[0048] As previously indicated, the two power sources are inte- 



grated so that they seamlessly work together to meet the 
driver's demand for power while maintaining optimum 
powertrain efficiency and performance. The system will 
determine the driver's demand for torque and achieve the 
optimum division of power between the two power 
sources. 

[0049] Although a powertrain with divided power flow paths is il- 
lustrated in Figure 1, the invention is capable of being 
used also in other powertrain configurations with an en- 
gine, a motor, a generator and a battery system. 

[0050] The transmission 14, in one embodiment, includes the 
generator brake assembly 55, as previously described, a 
variable speed slipping clutch assembly 82, and a clutch 
71. The clutch 71 is coupled mechanically to an alternator 
79, as shown as 77. It is coupled electrically to the con- 
troller 10, as shown at 73, and is coupled mechanically to 
the output shaft 18 of the engine (torque generator) 16. 

[0051] The controller 10, upon sensing a loss of power from the 
high voltage battery 12, engages clutch 71 by the use of 
commands placed on bus 73, thereby allowing the engine 
12 to charge low voltage battery assembly 75 through the 
alternator 79. This allows the vehicle 10 to be continually 
operated. 



[0052] jhe variable speed clutch assembly 82 is coupled to the 
sun gear 24 of the planetary gear assembly 20. The gen- 
erator brake 55 acts on a mechanical coupling between 
the generator 50 and the variable speed clutch assembly 
82. Both the generator brake 55 and the variable clutch 
assembly 82 are coupled to the controller 10 by bus 85. 

[0053] The variable speed clutch assembly 82, for example, may 
be a slipping wet friction clutch, a clutch with a fluid 
medium comprising suspended metallic particles or an MR 
fluid clutch, all of which are well known in the art. A MR 
fluid clutch (magneto rheological clutch) uses a clutch 
fluid medium that can transfer torque between clutch in- 
put and output members when a controlled magnetic flux 
field is applied to the medium. The torque capacity of the 
clutch is functionally related to applied voltage. Examples 
of variable speed clutches are described in U.S. Patents 
6,290,043 and 6,394,244, which are owned by the as- 
signee of this invention. The disclosures of these patents 
are incorporated herein by reference. 

[0054] jhe controller 10 in the disclosed embodiment of the in- 
vention includes software and other logic that allow the 
controller 10 to perform the method of the preferred em- 
bodiment of the invention, which is set forth in greater 



detail in Figure 7. The controller 10 is also coupled to 
high voltage battery 12 and to control elements in the 
planetary gear assembly 20 by bus 90. The controller 10 
may comprise a number of interconnected controller as- 
semblies rather than a single controller. The description 
of the embodiment of Figure 1 is not meant to limit the 
architecture of the controller to a single controller or to 
any number of controllers. 

[0055] In an alternate embodiment of the invention, transmission 
14 may comprise only the controller 10 and the variable 
clutch assembly 82 and may be retrofitted within an ex- 
isting vehicle having a generator brake. Moreover, during 
typical operation the variable clutch 82 can be engaged, 
thereby allowing transfer of torque between the sun gear 
24 and the generator 50. Further, the brake 55 can be se- 
lectively engaged in normal operation to provide reactive 
torque for the internal combustion engine 12, thereby al- 
lowing power to flow to the wheels 32, 34. 

[0056] Figure 7 shows a strategy flowchart 100, which comprises 
the method of the disclosed embodiment of the invention. 
It includes a first step 102 in which the controller 10 de- 
tects a loss of voltage within the battery assembly 12 or 
detects interruption of the transfer of electrical energy 



from the high voltage battery assembly 12 to the bus 52. 
Upon such interruption, the controller 10 enters a LOS 
(limited operating strategy) mode of operation. 

[0057] Step 104 follows step 102. In step 104, the controller 10 
determines, by the use of bus 68, whether the internal 
combustion engine 12 is operating. If the internal com- 
bustion engine 12 is operating, step 104 is followed by 
step 106. Alternatively, step 104 is followed by step 108. 

[0058] In step 106, the controller 10 places the internal combus- 
tion engine 12 in an idle state and disengages variable 
speed clutch assembly 82 by sending control signals to 
the assembly 82 by use of the bus 85. 

[0059] Step 110 follows step 106. In step 110, the controller 10 
determines whether the variable clutch 82 has been en- 
gaged. If the variable clutch 82 has not been engaged, 
step 110 is followed by step 106. Alternatively, step 110 
is followed by step 112 in which the controller 10 engages 
or activates the generator brake assembly 55 by generat- 
ing and communicating control signals to the assembly 55 
by use of the bus 85. 

[0060] In step 114, which follows step 112, controller 10 ascer- 
tains whether the generator brake assembly 55 has en- 
gaged. If the generator brake assembly 55 has engaged, 



step 114 is followed by step 120. Alternatively, step 114 
is followed by step 112. 

[0061] In step 120, the controller 10 disables or deactivates the 
motor 46 and the generator 50 by the use of signals 
placed on buses 69 and 52. Step 121 follows step 120. In 
this step 121, controller 10 engages the clutch 71 by the 
use of signals placed on bus 73, thereby allowing electri- 
cal charge to be delivered from an alternator 79 to the low 
voltage battery assembly 75 by the use of bus 81. In an 
alternative embodiment, the clutch 71 may be omitted. In 
still another embodiment, an electrical insulation member 
(e.g. a relay) may be placed between the alternator 79 and 
the low voltage battery assembly 75. The relay may be se- 
lectively opened by the controller 10, thereby isolating the 
low voltage battery assembly 75 from the alternator 79 in 
normal or typical operation. 

[0062] Step 122 follows step 121. In this step 122, the controller 
10 continues to adjust the variable clutch assembly 82 in 
order to meet the torque demand of the driver and to pre- 
vent the vehicle from stalling. 

[0063] The variable clutch assembly 82 is fully engaged when the 
required speed of the vehicle, as determined by the con- 
troller 10 using the position of the accelerator member 



(not shown) and the wheel brakes (not shown), is greater 
than the corresponding speed at which the internal com- 
bustion engine 12 will stall. Should the vehicle 10 be op- 
erated at a speed that is equal to or less than the corre- 
sponding speed at which the internal combustion engine 
16 will stall (e.g., the stall speed), the controller 10 par- 
tially disengages the variable clutch assembly 82 in order 
to allow the internal combustion engine 12 to operate at a 
speed that is greater than its stall speed and at a speed 
greater than that required to maintain a desired vehicle 
speed. Particularly, the extra speed (e.g., the difference 
between the speed of the crankshaft 18 and the corre- 
sponding vehicle speed) is absorbed by slippage of the 
variable clutch 82. The amount of such slippage of the 
variable clutch 82 is directly proportional to the difference 
between the engine speed and the corresponding vehicle 
speed, thereby variably coupling the internal combustion 
engine 12 to the output shaft 38 and varying the ratio of 
the speed of the engine 12 to the speed of the vehicle 
(e.g., the speed of output shaft 38 to the speed of the ve- 
hicle). 

[0064] In step 108, the controller 66 activates or energizes the 
generator brake 55 and causes the internal combustion 



engine 12 to enter an idle state. Step 130 follows step 
108. In this step 130, the controller 66 determines 
whether the generator brake 55 and the variable clutch 
assembly 82 are locked or deactivated. If these assemblies 
55, 82 are not deactivated, then step 130 is followed by 
step 108. Alternatively, step 130 is followed by step 134 
in which the controller 10 determines whether the internal 
combustion engine 12 is activated. If the internal com- 
bustion engine 12 is not activated, step 134 is followed by 
step 108. Alternatively, step 134 is followed by step 136 
in which the controller 66 causes the variable speed clutch 
assembly 82 to meet the vehicle speed demanded or re- 
quired by the driver of the vehicle. 

[0065] Step 138 follows step 136 in which the controller 10 dis- 
ables the motor 46 and the generator 50. Step 138 is fol- 
lowed by step 121 and step 122 follows step 121. Steps 
121 and 122 are described above. 

[0066] Although an embodiment of the invention has been dis- 
closed, it will be apparent to persons skilled in the art that 
modifications may be made without departing from the 
scope of the invention. All such modifications and equiva- 
lents thereof are included in the scope of the following 
claims. 



